1. Introduction {#sec1}
===============

Coronaviruses (CoVs) consist of several viruses that transfer from animals to humans. The novel coronavirus (COVID-19) is the third coronavirus to be declared as a pandemic in 21st century after Severe Acute Respiratory Syndrome (SARS) and the Middle East Respiratory Syndrome coronavirus (MERS) also achieved similar status in 2003 and 2012 respectively ([@bib17]; [@bib25]). On December 31, 2019, the World Health Organization (WHO) country office in Wuhan reported symptoms of patients suffering from unexplained low respiratory infections. It was initially declared as 'pneumonia of unknown etiology because of the limited information available about the cause of the disease. On January 12, 2020, WHO announced that infection in Wuhan belongs to coronaviruses, and on February 11, 2020, it was declared as COVID-19 ([@bib5]). COVID-19 comprises of 65 nm - 125 nm in diameter and is a single-stranded RNA as nuclei material ([@bib19]). Moreover, WHO has declared COVID-19 as a global pandemic due to its widespread transmission, a significant number of deaths, and higher infections and mortality rate as compared to previous coronaviruses outbreaks.

On March 11, Director-General of WHO briefed media outlets regarding COVID-19\'s spread in 114 countries and total confirmed infected and deaths were 118,000 and 4291 to date respectively ([@bib3]). In the USA, the first infected person has been reported in Washington state, and the lack of coordinated efforts at state and federal levels resulted in widespread outbreak with the USA having the most number of infected people and deaths ([@bib6]). As of April 22, 2020, the Centers for Disease Control has reported 826,024 confirmed patients and 45, 365 deaths in the USA. In response to the COVID-19 outbreak, the federal government introduced precautionary measures such as public gatherings, travel restrictions, the mandatory 14-day quarantine period for suspected patients. The CDC has also directed American citizens to maintain social distancing and advised the general public to wear face masks and use personal protective equipment. Later on, observing looming crises, states across America declared mandatory lockdowns and enforced stricter rules to combat the COVID-19 pandemic ([@bib16]). Although research teams are sparing no effort in finding the cure for COVID-19 to date, unfortunately, little or no success has been achieved, and "social distancing" is the only way to fight this novel disease ([@bib19]).

California is one of the most affected states ([Fig. 1](#fig1){ref-type="fig"} ) in the USA, which reported case on March 4 and currently has fifth-most infected patients. One of the primary reasons for such high infection ratio is low air quality, GHG emissions and environmental pollutants, which makes Californians more susceptible to infectious diseases such as COVID-19. As of April 24, 2020, California Department for Public Health has confirmed more than 39,000 cases, including \>1800 deaths in California State ([Fig. 2](#fig2){ref-type="fig"} ).Fig. 1COVID-19 outbreak in California, USA (Source: California Department of Public Health).Fig. 1Fig. 2Total cases and deaths from COVID-19 in California.Fig. 2

Implementation of lockdown restrictions adopted by states and the federal government has resulted in economic activities such as industrial projects, construction projects, and transportations observing the stagnant phase ([@bib8]). Although COVID-19 will carry severe economic impact, the other side of the coin may lessen some of the COVID-19\'s unfortunate facts. As states are following social distancing and quarantine for more than a month, reduced human interference in the natural environment has given nature a "healing time." One significant impact being observed is on air quality, which is being experienced by everyone and recorded in various official reports. Smog has given way to blue skies, there are increased activities in marine life, and pollution level in metropolitan cities has decreased significantly. These positive impacts have allowed us to reconsider our impact on the surroundings of us, and the situation today is a "reset" for nature and humans, giving us a prospect to observe and analyze the human impact over the environment ([@bib14]). Thus, we infer that quarantine measures have improved air quality in the USA; therefore, motivating us to examine the air quality and impact of environmental pollutants\' association with COVID-19 in California.

2. Environmental quality in California {#sec2}
======================================

During the last three decades, the state of California has witnessed exponential growth in investments, which has improved the living standards of its people and a higher vehicular fleet on the road is evident in fact. However, the Californians have paid the high cost of these developments due to continuous deteriorating air quality in the state. California, according to one of the recent reports from the CDC, has the worst air quality in the USA. Furthermore, ten[1](#fn1){ref-type="fn"} of the top-25 most polluted cities in America belong to California, and which despite several environmental initiatives from California state officials shows the severity of environmental pollution in California. According to WHO press release, annually seven million die due to exposure from fine particles in the polluted air ([@bib12]) and Centers for Disease Control estimates that around 360,000 people die in the USA alone due to pollution.

California (32^o^32′N to 42^o^N, 114^o^8′ W to 124^o^26′W) has adverse environmental issues mainly due to economic activities as it has a gross state product of \$3 trillion, the fifth-largest economy in the world (larger than UK, India, or France). The implementation of mandatory lockdown in California to prevent COVID-19 transmission has resulted in a drastic reduction of environmental pollution up to 60% in California ([@bib14]). Similar executive actions taken by governments across the world have negative bearings on the economy, but air quality has drastically improved because of these actions ([@bib11]).

3. Environmental pollution standards in California {#sec3}
==================================================

As mentioned earlier, environmental pollution is one of the primary environmental issues in California, and according to the Environmental Pollution Agency, average micrograms per cubic meter emission in California is 12.8, which is 50% higher than the national emission average of 8.4. Environmental pollution in California has worsened in recent years, as at some point, 90% of Californians inhale more than one pollutant every year. As a result, the California Air Resources Board (CARB) has introduced health-based legislation, especially for elderly and children, to limit the pollutant emission in the state. Currently, the Environmental Pollution Agency considers emissions of PM2.5, PM10, nitrogen oxides, carbon monoxide, Sulfur oxide and Ozone as "criteria" pollutants to safeguard the environment. On the other hand, the CARB has introduced further environmental reforms to record emissions of Lead, Vinyl Chloride, Visibility Reducing Particles and Hydrogen Sulfide as four additional pollutants to protect the environment.

Furthermore, the CARB has also made it mandatory to reduce environmental pollutants emissions in California, which causes medical issues, i.e., tuberculosis and cancer, among others as repeated exposure to these pollutants increases not only serious health issues but also harms human life expectancy. Currently, environmental measures have been adopted to regulate 200 environmental pollutants to reduce their emissions into the atmosphere to assess the effectiveness of CARB initiatives. Additionally, environmental agencies encourage cooperation among different regions of California state to limit emissions of environmental pollutants from all sources.

4. Research methodology {#sec4}
=======================

California state is cultural, media, and the innovation centre of the world and is also the most populated state with 39.5 million people, highest for any state in the USA. The dataset in the current research project is taken from March 4, 2020, to April 24, 2020, to examine the impact of environmental pollutants in California. The dataset of environmental pollution indicators such as PM 10, PM 2.5, Sulfur dioxide (SO~2~), Volatile organic compounds (VOC), Carbon monoxide (CO), Nitrogen dioxide (NO~2~) and Lead (Pb) was taken from Environmental Pollution Agency (EPA). Data for COVID-19 cases and mortality is collected from the California Department of Public Health (CDPH). As the dataset for the current research project was not normally distributed; hence we have used Spearman and Kendall correlation tests as an empirical methodology to observe environmental pollutants\' correlation with COVID-19 in California.

5. Results and discussion {#sec5}
=========================

[Table 1](#tbl1){ref-type="table"} provides the empirical estimations of environmental pollutants\' association with COVID-19 in California. We find that PM 10, PM 2.5, SO~2~, CO, and NO~2~ have a significant correlation for total cases and total mortality in the state in both Spearman and Kendall correlation. However, the magnitude of correlation coefficients of PM 10, PM 2.5, SO~2~, Pb, and NO~2~ are higher in the Spearman correlation test. Our findings show that environmental pollutants are significantly correlated with COVID-19 cases and deaths in California.Table 1Empirical results.Table 1PollutantsCasesMortalityKendall Correlation CoefficientPM 10−0.287\*\*−0.267\*\*PM 2.5−0.359\*\*\*−0.339\*\*\*SO~2~−0.333\*\*\*−0.309\*\*CO0.045\*\*0.079\*\*VOC0.0440.032Pb0.1090.109NO~2~−0.514\*\*\*−0.485\*\*\*Spearman Correlation CoefficientPM 10−0.375\*\*−0.350\*\*PM 2.5−0.453\*\*\*−0.429\*\*\*SO~2~−0.426\*\*\*−0.397\*\*CO0.0830.123VOC0.0540.038Pb0.178\*\*0.174\*\*NO~2~−0.736\*\*\*−0.731\*\*\*[^1]

[@bib21] analyzed the impact of fine particulate matter and suggested that only 1 μg/m^3^ in PM~2.5~ is associated with a 15% increase in the COVID-19 death rate. [@bib24] empirically analyzed the death rate of COVID-19 and spatial correlation of PM10 and PM2.5 in China by using multiple linear regression and suggested that higher concentration of PM10 and PM2.5 has a positive correlation with deaths caused by COVID-19. Furthermore, the researchers suggested that pollution caused by the Particulate Matter influences the prognosis of the patients. [@bib7] analyzed the association of air quality and COVID-19 outbreak in Italy. They concluded that continuous exposure to environmental pollution (PM10 and PM2.5) in Northern Italy is the primary cause of COVID-19 cases. Similarly, [@bib20], [@bib15], and Sharma et al. (2020) for the case of China, Italy, and India supported similar findings.

Due to scientific research, there is growing evidence that links chronic illnesses to environmental pollution, especially in urban areas. Therefore, monitoring the concentration of pollutants such as NO~2~ and SO~2~ has become quite important, in particular, because policy decisions in many countries to reduce environmental pollutants are linked to dangers associated with human health for children and HR values for SPM and NO~2~ are 16.13 and 22.11 times higher than SO~2~. [@bib22] analyzed the SO~2~ exposure in Beijing and concluded that environmental pollutants have resulted in 27,854 outpatient cases and loss of 477 million RMB in 2016 alone. [@bib23] investigated Spatio-temporal variations of Sulfur dioxide (SO~2~) and Nitrogen dioxide (NO~2~) in Shanghai and surrounding areas and concluded that better urban planning and application of strict emission control policy has led to lower the concentration of NO~2~ and SO~2~ in Shanghai.

[@bib4] inspected the association of environmental pollutants such as carbon monoxide Ozone, PM, and NO~2~ on daily admissions into emergency facilities in regional hospitals of Umbria (Italy). According to empirical findings, 1860 patients were admitted into emergency facilities, and the coefficient of O~3~ is significant at 1%, while other pollutants are insignificant and concluded that these pollutants have a significant impact on hospital admissions. Likewise, [@bib9] and [@bib1] observed similar findings. Lead (Pb) has harmful bearings on the physiological conditions of humans and animals alike as exposure to lead results in weakness, anemia, brain, and kidney damage. [@bib10] explored the impact of Lead (Pb) and VOC (volatile organic compounds) over human health and the earth\'s atmosphere. They concluded that global warming is the key determinant of exacerbating Pb toxicity and implementing scientific and sustainable policies will contribute to protecting the environment. [@bib18] explored the impact of Pb, Zn, Cd, and Fe to conclude that human exposure to Lead and similar metals can result in cognitive and behavioural deficits and generate toxic effects on human organs, causing long-term health damage. [@bib2] arrived at similar findings and stated that to achieve industrialization, developing countries set aside concerns about environmental safety and adopt state policies that contribute to pollution and contamination linked with Lead and volatile organic compounds.

The current research project, despite showing a strong correlation between environmental pollution indicators\' and COVID-19 pandemic in California, has the following limitations. First, the current study only accounts for California, where data variability can be accurately measured. We have not accounted for socio-economic indicators; future studies can research in this direction. Secondly, the inclusion of datasets about social distancing and personal hygiene would be an interesting research contribution.

6. Conclusion and policy implications {#sec6}
=====================================

The effectiveness of mandatory lockdown measures to combat COVID-19 since [@bib11] was analyzed by studying the concentration of seven environmental pollutants in California state from March 4, 2020, to April 24, 2020. Reduction in economic activities, less road traffic, and statewide mandatory "stay at home orders" have contributed to lower environmental pollutant emissions. This study finds that PM2.5, PM 10, Nitrogen dioxide, Carbon Monoxide and Sulfur dioxide are significantly correlated with COVID-19 cases in California, and limited human exposure to these pollutants will contribute to defeating COVID-19. Similarly, the significance of PM 2.5 and PM10 suggests that the adoption of green environmental policies should be further promoted as it would shield human life, especially children and the elderly as they are most vulnerable to the outbreak of infectious diseases. As our findings indicate that particulate matter (PM2.5, PM 10) are the major pollutants in California, therefore we suggest that policies about air quality assessment must include transportation of air masses from manufacturing areas. Also, future studies must assess the environmental impact of NO~2~, Ozone, and volatile organic compounds. Lastly, as meteorological conditions are of eminent standing, a comprehensive evaluation must be conducted to analyze its association with the outbreak of infectious diseases, i.e., COVID-19.

Author contribution statement {#sec7}
=============================

Muhammad Farhan Bashir: Data Curation, writing-original draft, software, Ben-Jiang MA: Resources, Bilal: Conceptualization, software, Bushra Komal: Writing- review & editing, Muhammad Adnan Bashir: Project administration, Madiha Bashir: Funding acquisition, Najaf Iqbal: Validation, Taimoor Hassan Farooq: Writing- revision & editing.

Declaration of competing interest
=================================

We certify that the manuscript titled.

" **Correlation between environmental pollution indicators and COVID-19 pandemic: A brief study in Californian context**" (hereinafter referred to as 'the Paper') has been entirely our original work except otherwise indicated and it does not infringe the copyright of any third party.

The submission of the Paper to Environmental Research implies that the Paper has not been published previously (except in the form of an abstract or as a part of a published lecture or academic thesis), that it is not under consideration for publication elsewhere, that its publication is approved by all authors and that, if accepted, will not be published elsewhere in the same form, in English or any other language, without the written consent of the Publisher.

The authors would like to appreciate the valuable comments from the editors and anonymous reviewers to improve the quality of this viewpoint. The authors also acknowledge the financial support of the Mobile Health Ministry of Education- China Mobile Joint Laboratory Grant Number: 2020MHL02005.

Top ten most polluted cities in California are Los Angeles, Visalia, Bakersfield, Fresno, Sacramento, San Diego, San Jose, Redding, El Centro, Chico.

[^1]: \*\*\*, \*\* \* signifies shows significance at 10%, 5% and 1%.
